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1. EXECUTIVE SUMMARY 
This document presents mathematical models for calculating thermal performance of 
glazing systems in WINDOW 6 (TARCOG module).  Those algorithms include 
calculation of glazing system thermal transmittance (U-factor), and solar heat gain 
coefficient (SHGC), as well as temperature distribution across the glazing system, 
according to ISO 15099, and ISO/EN 10077-1 standards.  .  Those mathematical 
algorithms consider glazing system as array of layers and gaps, where some layers 
may be in direct contact with each other (i.e., laminates).  In addition, these algorithms 
consider shading devices and treat them as planar layers.  Gas gaps, which represent 
space between layers, may consist of a single gas or gas mixtures. 

2. INTRODUCTION 
2.1. Layer 
Layers, being constitutive part of glazing systems are defined with a list of geometrical 
and thermo-physical properties. Geometrical properties are width, height and thickness. 

Thickness

Height

Width

 
Figure 2-1: Geometry of a Layer 

Geometry, shown in Figure 2-1, completely describes specular planar layer (e.g., glass, 
suspended film, etc.).  On the other hand, layer can represent a shading device, which 
has several additional geometrical parameters (see Figure 2-2). 
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Top Opening

Bottom Opening

Left Opening Right Opening
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Figure 2-2: Geometry of a Generalized Shading Layer 

Thermo-physical properties of a layer, which are important for the calculation of thermal 
and solar-optical properties of a glazing system are: 

• Emissivity of both glazing surfaces, 

• Transmittance as a function of wavelength 

• Reflectance, back and front, as a function of wavelength 

• Thermal conductivity, 

Energy balance of a glazing layer or the entire glazing system is determined by the 
transmitted, reflected and absorbed energy, which can be calculated by the application 
of the conservation of energy principle. Figure 2-3 shows this energy balance: 
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Figure 2-3: Energy Balance of a Single Glazing Layer. 

 
Figure 2-4: Laminate Layer 

Laminate layers can be used to model through laminates, consisting of PVB 
interlayer(s) sandwiched between glass panes, or for the modeling of low-e coatings, or 
other very thin layers. 
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2.2. Gap 
Gap consists of a single gas or gas mixture filling between two or more layers in a 
glazing system.  Figure xxx shows gap between a double glazing. 
 

 
Figure 2-5: Gap (Gas Fill) Between Two Layers 

Gas thermo-physical properties are:  

• Thermal conductivity [W/(m·K)] 

• Dynamic viscosity [g/(m·s)] 

• Density [kg/m3] 

• Specific heat [J/(g·K)] 

2.3. Glazing System 
Glazing system, as shown in Figure 2-6, represents construction that consists of 
layer(s), separated by glazing gaps. Most of mathematical models described in this 
document are related to Glazing System. 
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Layers

Gaps

 
Figure 2-6: Glazing System Consisting of Specular Layers 

 
 

Glazing Layers
Shading Layer  
Figure 2-7: Glazing System Consisting of Specular and a Shading Layer Inside the Gap 
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Inner Side

 
Figure 2-8: Shading Layer on Inner Side 

Current implementation of the thermal model provides for large number of specular 
layers (1000), but only one shading layer can be present in a glazing system. 
Normally, there is no physical contact between gap gasses or gap gas and indoor or 
outdoor environment.  However, when there is a shading layer present gaps can be 
interconnected and indoor and outdoor environment can be connected to one of gaps  
(see Figure 2-9).  This is referred to as ventilated gaps.  In addition, the shading device 
layer can be porous itself. 

 
Figure 2-9: Two Gaps Connected 
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There can be two different types of flow in the case of ventilated gaps, a) natural 
convection, which is temperature driven due to the differences in density of the gas (i.e., 
buoyancy); and b) forced convection, caused by some external force, like a fan or wind. 

3. ISO 15099 ALGORITHMS 
ISO 15099 algorithms incorporate calculations for glazing systems consisting of 
monolithic panes, laminated panes and shading devices. The shading devices are 
treated in a similar way as monolithic panes (i.e. they form single layer in a glazing 
system), except that some of the heat transfer correlations and modeling assumptions 
may be somewhat different.  Laminated layers are treated as monolithic layers 
consisting of an arbitrary number of “slices”. 

3.1. GLAZING SYSTEMS CONSISTING OF MONOLITHIC LAYERS  
Calculation of glazing system thermal properties is based on a comprehensive heat 
transfer model, with analysis of coupled conductive, convective and radiative heat 
transfer. Radiative heat exchange between glazing layers, as well as conductive heat 
transfer within each layer, can be described using first principles calculation.  
Convection heat transfer is modeled using heat transfer correlations, which are based 
on experimental measurements and numerical modeling of selected heat transfer cases 
(e.g., natural convection over flat plate, natural convection in rectangular enclosure, 
forced convection over flat plate, etc.). 

3.1.1. Definitions 

Before the presentation of the algorithms and mathematical models, some definitions 
are necessary. 

• Orientation of the glazing system: Outdoor (exterior) environment is always 
located on the left, while indoor (interior) side is always located on the right side 
of the glazing system (see Figure 3-1) 

• Layer and gap numbering is done from left to right (see Figure 6.2). 

• Each layer has front and back surface, labeled “f” and “b” (see Figure 3-3)  

• Glazing system properties also have front and back side (see Figure 3-4) 
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Figure 3-1: Orientation of the Glazing System with Respect to Outdoor (Exterior) and 
Indoor (Interior) Environment  

 

Figure 3-2: Layer and Gap Numbering 

 
Figure 3-3: Layer Number i 
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Figure 3-4: Temperatures and Energy Balance Notation 

3.1.2. Heat Transfer Calculations 

Figure 3-5 shows the glazing system, consisting of n layers, that is subjected to the set 
of standard boundary conditions. Each glazing layer is described with three longwave 
infra-red (IR) optical properties – the front and back surface emissivities, if ,ε  and ib,ε , 
and the transmittance iτ . 

 
Figure 3-5: Numbering System, Boundary Conditions and Energy Balance for N-Layer 
Glazing System 



  13Carli, Inc. is Your Building Energy Systems and Technology Choice            

3.1.2.1. ENERGY BALANCE 
For each layer in the glazing system, shown in Figure 3-5, energy balance is set up, 
and the values of four variables are sought. These are the temperatures of the outdoor 
and indoor facing surfaces, Tf,i and Tb,i , plus the radiant heat fluxes leaving the front 
and back facing surfaces (i.e. the radiosities), Jf,i and Jb,i. In terms of these variables 
the heat flux across the ith gap (i.e. qi) is: 

11][ −− −+−= b,if,ib,if,ic,ii JJTThq  [3.1–1]    

Similarly, the heat flux across (i+1) th gap is determined as: 

b,if,ib,if,ic,ii JJTThq −+−= ++++ 1111 ][  [3.1–2]  

The solution (i.e. temperatures at each glazing surface and corresponding radiant 
fluxes) is generated by applying the following four equations at each layer: 

1++= iii qSq  [3.1–3]  

11
4

−+ ++= b,if,if,iif,if,if,i JρJτσTεJ  [3.1–4]  

11
4

+− ++= f,ib,ib,iib,ib,ib,i JρJτσTεJ  [3.1–5]  

[ ]ii
g,i

g,i
f,ib,i Sq

k
t

TT +=− +12
2

 [3.1–6]  

Equation [3.1–3] describes an energy balance imposed at the surfaces of the ith glazing 
layer. Equations [3.1–4] and [3.1–5] define the radiosities at the ith glazing, 
where if,if,i τερ −−= 1 and ib,ib,i τερ −−= 1 , while the temperature difference across the 
ith glazing layer is given by equation [3.1–6].     
In all, 4n (n – number of glazing layers) equations can be written on the glazing system. 
The equations contain terms in temperature ( ifT , , ibT , ) and black emissive power 

( 4
,, ifibf TE σ= , 4

,, ibibb TE σ= ) and, hence, are nonlinear. They would become linear only if 
solved in terms of black emissive power instead of temperature (Note: The system of 
equations is still non-linear due to fourth power of temperature in radiation terms and 
1/3rd and 1/4th power of temperature in natural convection terms and therefore needs to 
be solved iteratively, but the appearance of equations for single iteration is linear and for 
given temperature filed allows solution of linear system of equations). Therefore is 
necessary to define two new quantities: 
convection heat transfer coefficient based on emissive power 

1,

1,
,

ˆ
−

−

−
−

=
ibbbf,i

ibf,i
ici EE

TT
hh  [3.1–7]  

conduction heat transfer coefficient based on emissive power 
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ibfbb,i

ifb,i

gl,i

gl,igl
i EE

TT
t
k

h
,

,ˆ
−
−

⋅=  [3.1–8]  

Application of black emissive power terms (i.e. Ebf,i and Ebb,i) and heat transfer 
coefficients based on emissive power (i.e. iĥ  and gl

iĥ ) gives the following relations for 
heat fluxes across gas spaces: 

11][ˆ
−− −+−= b,if,ibb,ibf,iii JJEEhq  [3.1–9]  

b,if,ibb,ibf,i,ii JJEEhq −+−= ++++ 1111 ][ˆ  [3.1–10]  

The basic energy balance equations [3.1–3] – [3.1–6] are transformed into the following 
system: 

1++= iii qSq  [3.1–11]  

11, −+ ++= b,if,if,iiibff,if,i JρJτEεJ  [3.1–12]    

11, +− ++= f,ib,ib,iiibbb,ib,i JρJτEεJ  [3.1–13]  

b,if,ibb,ibf,iiibf,ibb,i
gl
i JJEEhSEEh −+−+=− +++ 111 ][ˆ5.0][ˆ  [3.1–14]  

This system of 4n non-linear equations can be solved using iterative solution algorithm 
that is comprised of following steps: 

1. Calculation of initial glazing layer temperatures 
2. Calculation of heat transfer coefficients based on temperatures defined in 

previous step  
3. Solution of the system of linear equations and definition of new sets of 

temperatures at each glazing layer 
4. Convergence checking (comparison of new sets of temperatures to old sets) 

If each temperature in the new set is not equal to the corresponding temperature 
in the old set within defined tolerance, the new sets are used to replace the old 
sets and the calculation proceeds to the second step. 

This calculation procedure is described in more detail in Section 3.1.2.4. 

3.1.2.2. INITIAL TEMPERATURE DISTRIBUTION 
Initial glazing layer temperatures are calculated assuming a constant temperature 
gradient across the window. Thus, temperature at each glazing layer surface can be 
determined by the following equation: 

gs

outin
iouti t

TTxTT −
+=  [3.1–15] 

where,    
 xi – distance between ith glazing layer and outdoor environment 
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tgs – thickness of whole glazing system 

3.1.2.3. BOUNDARY CONDITIONS 

3.1.2.3.1. Outdoor Heat Transfer Coefficients 

Outdoor radiation heat transfer coefficient (hr,out) is calculated using following two 
relations: 

3
1,,

1,, 2
4 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
= foutrm

foutr

TT
h σε  [3.1–16]  

1,,

1,
,

foutrm

fout
outr TT

RG
h

−
−

=  [3.1–17]  

where, 

1,fε  – emissivity of the front surface of the first glazing layer 

Tf,i – temperature of the front surface of the first glazing layer  
Rf,i – radiative flux leaving the front surface of the first glazing layer 
In the first iteration, hr,out is calculated using equation [3.1–16], but in the second and all 
later iterations (if necessary), equation [3.1–17] is used. 

Outdoor convection heat transfer coefficient (hc,out) depends on method for defining 
outdoor combined heat transfer coefficient (hout).  
If the value of hout, which incorporates effects of both convective and radiative heat 
transfer, is prescribed, outdoor convection heat transfer coefficient is calculated as: 

outroutoutc hhh ,, −=  [3.1–18]  

Otherwise, calculation of hc,out is based on the known value for outdoor wind speed: 

soutc wh 44, +=  [3.1–19]  

where, 
ws – outdoor wind speed near glass surface, 

Combined outdoor surface heat transfer coefficient (hout) is: 

outroutcout hhh ,, +=  [3.1–20]  

When the outdoor convection heat transfer coefficient (hc,out) is determined, 
corresponding outdoor heat transfer coefficient based on emissive power can defined 
as: 
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outbf,

ambf,
outc

out

GE
TT

hh
−
−

=
1

1
,

ˆ  [3.1–21]  

where, 
Ebf,1 – emissive power of the front surface of the first glazing layer 
Tamb – outdoor environment temperature, given as: 

outroutc

outrmoutroutoutc
amb hh

ThTh
T

,,

,,,

+
+

=  [3.1–22]  

3.1.2.3.2. Indoor Heat Transfer Coefficients 

Indoor radiation heat transfer coefficient (hr,in) is calculated using different relations 
for the first and for all other iterations. In the first iteration, calculation is performed 
according to equation [3.1–23], while equation [3.1–24] gives relation used in all other 
iterations. 

3
,,

,, 2
4 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛ +
= nfinrm

nbinr

TT
h σε  [3.1–23]  

nbinrm

nbin
outr TT

RG
h

,,

,
, −

−
=  [3.1–24]   

where, 

nb,ε  – emissivity of the back surface of the nth glazing layer 

Tb,n – temperature of the back surface of the nth glazing layer 
Rb,n – radiative flux leaving the back surface of the nth glazing layer 

Indoor convection heat transfer coefficient (hc,in) can be determined in two ways, 
depending on method for calculation of indoor combined heat transfer coefficient (hin). 
When the value of hin is prescribed, indoor convection heat transfer coefficient is 
calculated as: 

inrininc hhh ,, −=  [3.1–25]  

Otherwise, natural convection is assumed to be on the indoor side of fenestration 
system, and hc,in can be determined as: 

H
kNh uinc =,  [3.1–26]   

where, 
Nu – Nusselt number 
k – thermal conductivity of air 
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H – height of the fenestration system 
Nusselt number is a function of Rayleigh number, based on the height of the 
fenestration system, and tilt angle. Dependence on the window tilt angle is given 
through the following set of equations, and each of them corresponds to one particular 
range of tilt angle: 

Windows inclined from 0o to 15o )150( oo <≤ θ  
3/113.0 Hu RaN =  [3.1–27]   

Windows inclined from 15o to 90o )9015( oo ≤≤ θ  

degreesin;
sin

105.2
5/172.0

5 θ
θ

θ

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
⋅=

⋅eRaC  [3.1–28]   

CHHu RaRaRaN ≤⋅= ;)sin(56.0 4/1θ  [3.1–29]   

CHCCHu RaRaRaRaRaN >⋅+−⋅= ;)sin(56.0)(13.0 4/13/13/1 θ  [3.1–30]   

Windows inclined from 90o to 179o )17990( oo ≤< θ  
1154/1 10sin10;)sin(56.0 <≤⋅= θθ HHu RaRaN  [3.1–31]   

Windows inclined from 179o to 180o )180179( oo ≤< θ  

 115/1 10;58.0 ≤= HHu RaRaN  [3.1–32]  

where, 
RaH – Rayleigh number based on the height of the fenestration system, defined as: 

kT
TTgCH

Ra
mf

nbinp
H μ

ρ )( ,
32 −

=  [3.1–33]   

Air properties (i.e. density, specific heat, viscosity and thermal conductivity) are 
evaluated at the mean film temperature: 

( )innbinmf TTTT −+= ,4
1  [3.1–34]  

Indoor combined surface heat transfer coefficient is determined as: 

inrincin hhh ,, +=  [3.1–35]  

After determination of the indoor convection heat transfer coefficient (hc,in), 
corresponding indoor heat transfer coefficient based on emissive power can be found 
as: 
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nbbout

nbroom
inc

in
hat EG

TT
hh

,

,
, −

−
=  [3.1–36]  

where, 
Ebb,n – emissive power of the back surface of the nth glazing layer 
Troom – indoor environment temperature, given as: 

inrinc

inrminrininc
room hh

ThTh
T

,,

,,,

+
+

=  [3.1–37]  

3.1.2.3.3. Glazing Cavity Heat Transfer 

Glazing cavity convective heat transfer coefficient is determined using following relation: 

ig

ig
iuic d

k
Nh

,

,
,, =  [3.1–38]   

where, 
Nu,i – Nusselt number 
kg,i – thermal conductivity of the fill gas in the cavity 
dg,i – thickness of the glazing cavity 
Nusselt number, calculated using correlations based on experimental measurements of 
heat transfer across inclined air layers, is a function of the Rayleigh number, the cavity 
aspect ratio and the glazing system tilt angle. 
The Rayleigh number can be expressed as (omitting the “i” and “g” subscripts for 
convenience): 

kT
TTgCd

R
m

ibifp
a μ

ρ )( 1,,
32

−−
=  [3.1–39]  

All gas fill properties (i.e. density, specific heat, viscosity and thermal conductivity) are 
evaluated at mean gas fill temperature, defined as: 

2
1,, −+

= ibif
m

TT
T  [3.1–40]  

The aspect ratio of the glazing cavity is: 

ig
ig d

HA
,

, =  [3.1–41]  

where, 
H – distance between the top and bottom of glazing cavity, usually the same as the 
height of the window view area   
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Correlation between the Nusselt number and glazing system tilt angle is given in 
following equations for different tilt angle ranges: 

Windows inclined from 0o to 60o )600( oo <≤ θ  

2010,1
5830

cos
cos

)8.1(sin17081
cos

1708144.11 ,
5

3/16.1

, ><
⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
−⎟

⎠

⎞
⎜
⎝

⎛+⎥
⎦

⎤
⎢
⎣

⎡ ⋅
−⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−+=

••

iga
a

aa
iu AandR

R
RR

N
θ

θ
θ

θ
[3.1–42]   

( )
2

XX
X

+
=•  [3.1–43]   

Windows inclined at 60o )60( o=θ  

( )max21, , uuiu NNN =  [3.1–44]   
7/17314.0

1 1
0936.0

1
⎥
⎥

⎦

⎤

⎢
⎢

⎣

⎡

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

+
+=

G
R

N a
u  [3.1–45]   

 283.0

,
2

175.0104.0 a
ig

u R
A

N ⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
+=  [3.1–46]   

1.06.20

3160
1

5.0

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
⎟
⎠

⎞
⎜
⎝

⎛+

=
aR

G  [3.1–47]   

Windows inclined from 60o to 90o )9060( oo << θ  

In this case, Nusselt number is calculated using straight-line interpolation between the 
results of equations [3.1–44] and [3.1–48]. These equations are valid in the ranges of 

72 10210 ⋅<< aR and 1005 , << igA . 

Windows inclined at 90o )90( o=θ  

( )max21, , uuiu NNN =  [3.1–48]  

where, 

aau RRN <⋅= 43/1
1 105;0673838.0  [3.1–49]   

444134.0
1 10510;028154.0 ⋅≤<= aau RRN  [3.1–50]   

42984755.210
1 10;107596678.11 ≤⋅+= −

aau RRN  [3.1–51]   

272.0

,
2 242.0 ⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
⋅=

ig

a
u A

RN  [3.1–52]   
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Windows inclined from 90o to 180o )18090( oo << θ  

( ) θsin11, −+= uviu NN  [3.1–53]  

where, 
Nuv – Nusselt number for a vertical cavity, given by equation [3.1–48] 
When the convective heat transfer coefficient is found, corresponding coefficient based 
on emissive power can be calculated, as described in equation [3.1–54]: 

1,,

1,,
,,

−

−

−
−

=
ibbibf

ibif
icihat EE

TT
hh  [3.1–54]  

where, 
Ebb,i-1, Ebf,i – emissive powers of glazing surfaces surrounding the glazing cavity 

3.1.2.3.4. Thermo-physical Properties of Gases 

The density of individual gasses is calculated using the perfect gas law, while the other 
properties are determined as a linear function of mean temperature – Tm. The properties 
of gas mixtures are determined as per following procedure: 

Density 

m

mix

T
MPρ
ℜ

=
ˆ

 [3.1–55]  

where, 
P – normal pressure (101325 Pa) 
Mmix – molecular mass of the gas mixture, given in equation [3.1–56] 
R – universal gas constant (8314.41 J/kmol) 
Tm – mean gas mixture temperature, defined as per [3.1–40]  

 Molecular Mass 

∑=
=

∧∧ v

i
iimix MxM

1
 [3.1–56]  

where, 

 xi – mole fraction of the i
th
 gas component in a mixture of ν gases 
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Specific Heat 

mix

mixp

mixp M

C
C ˆ

ˆ
=  [3.1–57]  

where, 

p,i

υ

i
imixp CxC ˆˆ

1
∑=
=

 [3.1–58]  

and, the molar specific heat of the i
th
 gas is: 

ip,ip,i MCC ˆˆ =  [3.1–59]  

Dynamic Viscosity 
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 [3.1–60]   

where, 
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Thermal Conductivity 

mixmixmix λλλ ′′+′=  [3.1–62]  

where, 
λ′  – monatomic thermal conductivity 

λ ′′  – accounts for additional energy moved by the diffusional transport of indoor energy 
in polyatomic gases. 
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 [3.1–63]  
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 [3.1–65]  

where the expression for ji,φ  is given as: 
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To find λmix, it is necessary to:  

1. calculate iλ′  

i
i

i μ
M

λ ˆ4
15 ℜ

=′  [3.1–67]  

2. calculate iλ ′′   

iii λλλ ′−=′′  [3.1–68]                 

λi – conductivity of the ith fill gas component 

3. use iλ′  to calculate mixλ′  

4. use iλ ′′  to calculate mixλ ′′  

5. determine mixλ  as per equation [3.1–62] 

3.1.2.3.5. Interaction with the environment 

The effect of boundary conditions imposed by the environment on the glazing system is 
given by: 

Temperatures 
Outdoor and indoor temperatures are defined as: 



  23Carli, Inc. is Your Building Energy Systems and Technology Choice            

outb, TT =0  [3.1–69] 

inf,n TT =+1  [3.1–70]  

where, 
Tout – outdoor air temperature 
Tin – indoor air temperature 

Long Wave Irradiance  
Outdoor irradiance is set as: 

4
,0 outrmoutb, TGJ σ==  [3.1–71]  

where, 
Trm,out – outdoor mean radiant temperature, calculated as: 

4/14

,

])1([
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧ +−+

=
σ
σ skyskyclroutskyclrgd

outrm

JFfTFfF
T  [3.1–72]  

fclr – fraction of the sky that is clear 
Jsky – radiosity of the clear sky, defined as: 

6131031.5 outsky TJ −⋅=  [3.1–73] 

Fsky – view factor from the outdoor surfaces of the fenestration system to the sky, 
defined as: 

2
cos1 θ+

=skyF  [3.1–74]                      

θ  – glazing system tilt angle measured from horizontal 

Fgd – view factor from the outdoor surfaces of the fenestration system to the ground, 
defined as: 

skygd FF −= 1  [3.1–75]                      

Indoor irradiance is: 
4

,1 inrminf,n TGJ σ==+  [3.1–76]   

where, 
Trm ,in – indoor mean radiant temperature 
Indoor mean radiant temperature is usually assumed to be equal to the indoor air 
temperature, thus indoor irradiance becomes: 
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4
inin TG σ=  [3.1–77]                      

Convection  
Convection at the outdoor and indoor glazing surfaces is defined as: 

outcc, hh ,1 =  [3.1–78] 

incc,n hh ,1 =+  [3.1–79]  

where, 
hc,out – outdoor convective heat transfer coefficient 
hc,in – indoor convective heat transfer coefficient 

3.1.2.4. SOLUTION OF THE SYSTEM OF NON-LINEAR EQUATIONS 

The system of basic energy balance equations for each glazing layer, expressed in 
terms of black emissive power in equations [3.1–11] – [3.1–14], is solved as follows. 
Using equations [3.1–9] – [3.1–14], which describe heat fluxes across gas spaces and 
glass layers, as well as boundary conditions in section 3.1.2.3.5, the following system of 
non-linear equations is obtained: 

out
out

outbf,fbbb,bf
out

f GhGSEhJJEhEhJ ˆˆˆˆ
12,22,1,1,21,1, ++=−−+++  [3.1–80]  

outf,f,bff,f, GρJτEεJ 1211,11 −=++−  [3.1–81]  

outf,b,b,bbb, GτJρJEε 12111,1 −=+−  [3.1–82]  

12,22,1,1,211,1 5.0ˆ)ˆˆ(ˆ SEhJJEhhEh bffbbb
gl

bf
gl =−−+++  [3.1–83]  

… 

iibfiifibibbiibf,iifibibb,i SEhJJEhEhJJEh =−−++++−− ++++−− 1,11,,,1,,1,1,
ˆˆˆˆ  [3.1–84]    

01,1 =++− +− f,iiibff,if,ib,if,i JτEεJJρ  [3.1–85]  

01,1 =+−+ +− f,ib,ib,iibbb,ib,ii JρJEεJτ  [3.1–86]  

iibfiifibibbi
gl
iibf

gl
i SEhJJEhhEh 5.0ˆ)ˆˆ(ˆ

1,11,,,1, =−−+++ ++++  [3.1–87]  

… 

in
in

innnbnbb
in

nbfnnfnbnbbn GhGSJEhEhJJEh ˆˆˆˆ
,,,,1,1, ++=++++−− −−  [3.1–88]  

innnbff,nf,nb,nf,n GτEεJJρ −=+−− ,1  [3.1–89]  
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inb,nb,nnbbb,nb,nn GρJEεJτ −=−+− ,1  [3.1–90]  

in
in

innnbnbb
ingl

nnbf
gl
n GhGSJEhhEh ˆ5.0)ˆˆ(ˆ

,,, ++=+++  [3.1–91]  

The equations [3.1–80] – [3.1–91] can be set in a matrix form [A] [X] = [B] for the whole 
glazing system.             
Elements of matrix A are long wave optical properties of each layer (i.e. front and back 
surface emissivities), as well as heat transfer coefficients, based on emissive power, 
calculated in a previous step. 
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The column vector X consists of variables that are sought for each glazing layer (i.e. 
radiosities and black emissive powers).  
Finally, the column vector B contains terms of absorbed solar fluxes in each glazing 
layer; terms of radiative energy from outdoor and indoor environment that irradiates 
glazing system surfaces, as well as portions of outdoor and indoor radiative energy that 
are reflected from 1st and nth layer and transmitted through them. 
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The solution method consists of decomposition of the matrix A, and solving matrix 
equation [A] [X] = [B], where [A] is decomposed matrix. 

That way, sets of black emissive power (i.e. Ebf,i and Ebb,i) are found and new sets of 
temperatures can be determined as: 

4/1
,

, ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

σ
ibf

if

E
T           and          

4/1
,

, ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

σ
ibb

ib

E
T  [3.1–92]    

where, 

42
8106697.5

Km
W−⋅=σ  – Stefan – Boltzmann’s constant 

3.1.2.5. CONVERGENCE CHECKING 

When the new sets of front and back layer surface temperatures are determined, they 
are compared to the old sets. If each member of the new set is not equal to 
corresponding member of the old set within the prescribed tolerance (default is 10-8 K), 
the new set is used to replace the old set and solution algorithm proceeds to the second 
step (i.e. calculation of heat transfer coefficients). 

 

3.1.3. Calculation of U – factor 
Calculation of U – factor is based on heat flux through the glazing system for the 
specified environmental conditions, which is determined as per section 3.1.2, but 
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without incident solar radiation (i.e. Is = 0). It means that the fluxes of absorbed solar 
radiation in each glazing layer, are set to zero in corresponding energy balance 
equations (i.e. Si = 0). 
U-factor is determined as the reciprocal of the total glazing system thermal resistance – 
Rtot.       

totR
U 1

=  [3.1–93]              

The total thermal resistance of a glazing system can be calculated by summing the 
thermal resistance on the outdoor side of the glazing system, the individual thermal 
resistance values of the glazing layers and glazing cavities and the thermal resistance 
on the indoor side of the glazing system:  

in

n

i
igap

n

i
iglouttot RRRRR +∑+∑+=

== 1
,

1
,  [3.1–94]              

The thermal resistance on the outdoor side of the glazing system – Rout, can be 
described by the following equation: 

outfoutfoutc

ambf
out GJTTh

TT
R

−+−
−

=
1,1,,

1,

)(
 [3.1–95]              

The thermal resistance of the glazing layer – Rgl,i, is: 

igl

igl
igl k

t
R

,

,
, =  [3.1–96]              

The thermal resistance of the glazing cavity – Rgap,i, is given as: 

1,,1,,,

1,,
, )( −−

−

−+−
−

=
ibifibific

ibif
igap JJTTh

TT
R  [3.1–97]              

Finally, the thermal resistance on the indoor side of the glazing system – Rin, is: 

nbinnbroominc

nbroom
in JGTTh

TT
R

,,,

,

)( −+−
−

=  [3.1–98]              

3.1.4. Calculation of Solar Heat Gain Coefficient 
Opposite to the calculation of thermal transmittance (U – factor), calculation of solar 
heat gain coefficient (SHGC) incorporates all effects of the incident solar radiation. 
The solar heat gain coefficient (SHGC) is determined by the difference between the 
heat fluxes into the indoor environment with and without incident solar radiation, where 
the both fluxes are found as per procedure given in section 3.1.2.  
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s

inIsin
sol I

qq
TSHGC

−
+= = )0(  [3.1–99]              

where, 
Tsol – total solar transmittance of the glazing system (–) 
qin (Is=0) – heat flux into the indoor environment without incident solar radiation (W/m2) 
qin – heat flux into the indoor environment with incident solar radiation (W/m2) 
Is – incident solar radiation (W/m2) 

3.2. GLAZING SYSTEMS WITH LAMINATED LAYERS 
For a glazing system incorporating laminated layers, the algorithm for calculation of 
thermal properties is very similar to the glazing systems consisting of monolithic layers, 
given in section 3.1. Laminated layers are modeled as monolithic layers subdivided into 
the arbitrary number of slices that have no gap in-between them. System of linear 
equations, from which layer surface temperatures and radiant fluxes (i.e. radiosities) are 
determined, is given here. 

3.2.1. Energy Balance Equations for Laminated Layers 
Si,j

i
i-1

j = 1, 2, … , k-1,k
Si-1 Si+1

Jf,iJf,i-1 Jf,i+1

Jb,i-1 Jb,i Jb,i+1

j = 1, 2, … , k-1,k

qi,1

qi,2

qi,k-2

qi,k-1

qi-1 qi qi+1

i+1

 
Figure 3-6: Numbering System and Energy Balance for Laminated Glazing Layers in 
the Glazing System 

In case of laminated layer, shown in Figure 3-6, the basic energy balance equations 
[3.1–3] – [3.1–6] are modified by applying the following relations to the unexposed 
surfaces of the layer slices: 



  29Carli, Inc. is Your Building Energy Systems and Technology Choice            

1,, += ijfijb TT  [3.2–1]              

1,, += ijfijb JJ  [3.2–2]              

where, 
j = 1,…,k – number of slices in the laminated layer. 
In that way, the following energy balance equations are set for the slices of the 
laminated glazing layer: 

SLICE 1 

1,1, iii qSq +=  [3.2–3]              

11
4

−+ ++= b,if,if,iif,if,if,i JρJτσTεJ  [3.2–4]  

)2(
2 1,1,

1,

1,
,1, ii

isl

isl
ifib Sq

k
t

TT +=−  [3.2–5]              

SLICE 2 

2,2,1, iii qSq +=  [3.2–6]              

12 b,if,i TT =  [3.2–7]  

)2(
2 2,2,

2,

2,
2,2, ii

isl

isl
ifib Sq

k
t

TT +=−  [3.2–8]              

… 

SLICE k-1 

1,1,2, −−− += kikiki qSq  [3.2–9]              

21 −− = b,ikf,ik TT  [3.2–10]  

)2(
2 1,1,

1,

1,
1,1, −−

−

−
−− +=− kiki

iksl

iksl
ikfikb Sq

k
t

TT  [3.2–11]              

SLICE k 
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1,1, +− += ikiki qSq  [3.2–12]              

1−= b,ikf,ik TT  [3.2–13]  

11
4

+− ++= f,ib,ib,iib,ib,ib,i JρJτσTεJ  [3.2–14]  

)2(
2 ,1

,

,
,, kii

iksl

iksl
ikfib Sq

k
t

TT +=− +  [3.2–15]             

From the equations [3.2–3], [3.2–6], [3.2–9] and [3.2–12], which describe energy 
balances imposed at the surfaces of the laminated layer slices, the energy balance 
relation for the whole laminated layer can be derived as: 

1
1

, +
=

+∑= i

k

j
jii qSq  [3.2–16]              

At the same time, the equations [3.2–5], [3.2–8], [3.2–11] and [3.2–15], which define 
temperature difference across the laminated layer slices (this is a variation of equation 
[3.1–6] for monolithic layers), in conjunction with the equations [3.2–7], [3.2–10] and 
[3.2–13], which define temperature at the unexposed surfaces of the layer slices, give 
the modified relation for the temperature difference across the whole laminated layer. If 
we use 1st and 2nd slice of laminated layer as an example, temperature difference 
equation becomes: 

)2(
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ifib Sq

k
t

TT +=−  [3.2–17] 

)2(
2 2,2,
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2,2, ii
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ifib Sq

k
t

TT +=−  [3.2–18] 

Since the temperature of adjacent surfaces of the 1st and 2nd slice is equal (i.e. Tb,i1 = 
Tf,i2), as per assumption given in equation [3.2–1], the following relation can be derived 
from equations [3.2–17] and [3.2–18]: 
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Application of the same methodology to all other slices gives the relation for 
temperature difference across the whole laminated layer: 
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− [3.2–20]             

From equations [3.2–3], [3.2–6], [3.2–9] and [3.2–12] it is obvious that heat fluxes 
entering the back surface of each slice (i.e. qi,1, qi,2, …, qi,k-2, qi,k-1) can be expressed in 
terms of fluxes of solar energy absorbed in the previous slices – Si,2, …, Si,k-1, Si,k (going 
toward outdoor environment), and heat flux entering the back surface of laminated layer 
(i.e. qi+1): 
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1
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piji qSq  [3.2–21]              

After using relation [3.2–21] for fluxes qi,1, qi,2, …, qi,k-2, qi,k-1 and some rearrangements, 
the equation [3.2–20] becomes: 
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 [3.2–22]  

or, 

1,, ++=− iifib BqATT  [3.2–23]              

where the terms A and B are given as: 
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B
1 ,

,

2
 [3.2–25]              

Using the equations [3.2–16] and [3.2–23], the system of basic energy balance 
equations [3.1–3] – [3.1–6] can be transformed into the following system for laminated 
layers: 

1
1

, +
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k

j
jii qSq  [3.2–26]  

11
4

−+ ++= b,if,if,iif,if,if,i JρJτσTεJ  [3.2–27]  

11
4

+− ++= f,ib,ib,iib,ib,ib,i JρJτσTεJ  [3.2–28]  

1++=− if,ib,i BqATT  [3.2–29]    

Using the same notation (e.g., A and B), the temperature difference terms for monolithic 
layers can be expressed as: 

i
igl

igl S
k
t

A
,

,

2
=  [3.2–30]  

igl

igl

k
t

B
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,=  [3.2–31]  

As in case of glazing systems consisting of monolithic layers, this system of energy 
balance equations for laminated layers would become linear only if solved in terms of 
black emissive power instead of temperature.  Note that the system of equations is still 
non-linear due to fourth power of temperature in radiation terms and 1/3rd  and 1/4th  
power of temperature in natural convection terms and therefore needs to be solved 
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iteratively, but the appearance of equations for single iteration is linear and for given 
temperature field allows solution of linear system of equations.   
Considering that differences between glazing systems with laminated layers and glazing 
systems consisted of monolithic layers are reflected only in equations related to 
conductive heat transfer through the glazing layers, the new relationship for the 
conduction heat transfer coefficient based on emissive power, is introduced and shown 
equation [3.2–32]. 

ibfbb,i

ifb,il
i EE

TT
B

h
,

,lg 1ˆ
−

−
⋅= . [3.2–32]  

The expression for the convection heat transfer coefficient based on emissive power, 
given in equation [3.1–7], remains the same here 

3.2.2. System of Equations for Glazing Systems Incorporating Laminated 
Layers 

Using the method, described at the beginning of section Error! Reference source not 
found., along with relations [3.2–26] – [3.2–29] and [3.2–32] for laminated layers, the 
following system of equations is obtained for the glazing system, which incorporates 
laminated layers: 
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outf,f,bff,f, GρJτEεJ 1211,11 −=++−  [3.2–34]  

outf,b,b,bbb, GτJρJEε 12111,1 −=+−  [3.2–35]  

12,22,1,1,211,1 5.0ˆ)ˆ(ˆ SEhJJEhhEh bf,fbbb
gl

bf
gl =−−+++ &&  [3.2–36]    
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01,1 =++− +− f,iiibff,if,ib,if,i JτEεJJρ  [3.2–38]  

01,1 =+−+ +− f,ib,ib,iibbb,ib,ii JρJEεJτ  [3.2–39]  
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… 
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inb,nb,nnbbb,nb,nn GρJEεJτ −=−+− ,1  [3.2–43]  
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,,, ++=+++  [3.2–44]   

Similarly to the standard glazing systems, equations [3.2–33] – [3.2–44] are set in a 
matrix form [A] [X] = [B] for the whole glazing system, consisting of laminated layers. 
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3.2.3. Determination of Glazing Surface Temperatures 
The matrix equation [A] [X] = [B] is solved in the same manner as in previous case (i.e. 
glazing systems consisted of monolithic layers), and sets of black emissive power (i.e. 
Ebf,i and Ebb,i) and radiant fluxes (i.e. Jf,i and Jb,i) for exposed glazing surfaces are 
determined. Then, new sets of temperatures of exposed glazing surfaces (i.e. Tf,i and 
Tb,i) are found, as described by the equation [3.1–92], and convergence checking (i.e. 
comparison between the new and old sets of glazing surface temperatures) is 
performed. After that, the old set is replaced by the new set, and iterative algorithm is 
repeated until the prescribed tolerance is satisfied.           
When the final temperatures of the exposed glazing surfaces are found, the rest of the 
solution (i.e. temperatures of unexposed surfaces of layer slices) calculated using the 
following procedure: 
1. Calculate the heat flux leaving the front facing surface of laminated layer (i.e. qi) 

using the equation [3.1–1]. 
2. Calculate temperature of the back surface of the first slice (i.e. Tbi,1) using the 

following relation, derived from the equations [3.2–3] and [3.2–5]: 

)2(
2 1,

1,

1,
,1, ii

isl

isl
ifib Sq

k
t

TT −+=  [3.2–45]    

3. Calculate, in sequential manner, remaining temperatures of the unexposed surfaces 
of layer slices using similar relations, obtained from the equations that describe 
energy balances imposed at the surfaces of the laminated layer slices (i.e. 3.2–6, 
3.2–9 and 3.2–12), equations that define temperature difference across the 
laminated layer slices (i.e. 3.2–8, 3.2–11 and 3.2–15) and equations that define 
temperature at the adjacent unexposed surfaces of the layer slices (i.e. 3.2–7, 3.2–
10 and 3.2–13). 

3.2.4. Calculation of U – factor and SHGC for Laminated Layers 
U – factor of glazing systems with laminated layers is calculated using basically the 
same procedure as in previous case (i.e. glazing systems with monolithic layers).  
It is determined as the reciprocal of the total glazing system thermal resistance – Rtot, 
and the Rtot is found by summing the thermal resistance on the outdoor side of the 
glazing system, thermal resistances of the glazing layers and glazing cavities and the 
thermal resistance on the indoor side of the glazing system. 
The values of thermal resistance on the glazing system outdoor side, thermal resistance 
of glazing cavities and thermal resistance on the glazing system indoor side are 
determined as per equations [3.1–95], [3.1–97] and [3.1–98], respectively. Only 
difference from the previous case is reflected in thermal resistance of laminated layer, 
which can be found by summing individual thermal resistances of layer slices: 
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,lg  [3.2–46]              

Regarding solar heat gain coefficient (SHGC), calculation is performed in the same 
manner as for glazing systems with monolithic layers using the equation [3.1–99].        

3.3. GLAZING SYSTEMS WITH SHADING DEVICES 
The ISO 15099 standard considers only layer types of shading devices, such as 
screens, curtains and blinds, which are located close and parallel to the glazing panes. 
The algorithm for calculation of thermal properties of glazing systems with shading 
devices differs from the algorithms for the other glazing system types, given in sections 
3.1 and 3.2, due to modifications that the introduction of shading devices in the glazing 
system model requires. Differences, mainly related to the convective heat transfer 
through the glazing cavities surrounding shading device, lead to adjustments that 
should be made in the main thermal equations and, consequently, in the calculation 
procedure. 

3.3.1. Modifications of Basic Energy Balance Equations 
Since the shading device, shown as the ith layer in the Figure 3-7, allows ventilation 
through the adjacent glazing cavities, the convective heat transfer in ventilated cavities 
can not be described as a simple heat transfer from one surface to another, as it was 
done in sections 3.1 and 3.2. 
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Figure 3-7: Numbering System and Energy Balance for Shading Layers in the Glazing 
System 

In this case, convective heat flux through the ventilated cavity must be divided into two 
parts – convective heat flux from one layer to the gap space and convective heat flux 
from the gap space to another layer, where the mean gap temperature (Tgap,i) is a 
variable. Therefore, the convective heat flux through the ith glazing cavity can be 
described by the following equations: 

)( ,,,, igapificvicf TThq −=  [3.3–1]             

)( 1,,,1, −− −= ibigapicvicb TThq  [3.3–2]              

where, 
qcf,i – convective heat flux from one layer to the gap space 
qcb,i-1 – convective heat flux from the gap space to another layer 
Tgap,i – equivalent mean temperature of the gap space (see equation 3.3–28 in the 
section 3.3.1.1) 
Tf,i – temperature of the surface of the ith layer, facing the ith glazing cavity 
Tb,i-1 – temperature of the surface of the layer i-1, facing the ith glazing cavity   
hcv,i – convection heat transfer coefficient for ventilated cavities, given as: 
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iicdvicv vhh 42 ,, +=  [3.3–3]              

where, 
hcdv,i – convection heat transfer coefficient for non-ventilated cavities (see section 
3.1.2.3.3) 

vi – mean air velocity in the glazing cavity (see section 3.3.1.2) 

 
Figure 3-8: Main Dimensions of Glazing System Model with Shading Device 

At the same time, the heat flux (i.e. qv,i) supplied to or extracted from the ventilated 
cavity, determined as per following relation, must be included in main energy balance 
equations. 

ii

outigapinigapivipi
iv LH

TTc
q

⋅

−⋅⋅
=

)( ,,,,,,
,

ϕρ
 [3.3–4]               

where, 

iρ  – density of the gas space in the ith cavity at temperature Tgap,i  

cp,i – specific heat capacity of the gas space in the ith cavity at temperature Tgap,i 
Tgap,i,in – temperature at the inlet of the glazing cavity that depends on where the air 
comes from  
Tgap,i,out – temperature at the outlet of the glazing cavity (see equation 3.3–15)  

Hi – height of the ith glazing cavity (see Figure 3-8) 

Li – depth of the ith glazing cavity (see Figure 3-8) 

iv,ϕ  – air flow rate in the ith cavity, given as: 

iiiiv Lsv ⋅⋅=,ϕ  [3.3–5]              

where, 
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si – width of the ith glazing cavity (see Figure 3-8) 

Using the equation [3.3–1], the total flux (including radiative part) leaving the front facing 
surface of the ith layer can be determined as: 

1,,,,,1,,, )( −− −+−=−+= ibifigapificvibificfi JJTThJJqq  [3.3–6]   

Similarly, the heat flux leaving the layer i+1 is: 

ibifigapificvibificfi JJTThJJqq ,1,1,1,1,,1,1,1 )( −+−=−+= +++++++  [3.3–7]   

Finally, as a result of the mentioned modifications, made due to effects of ventilation on 
heat exchange in the glazing cavity, the basic energy balance equations for shading 
devices can be defined as the following system: 

1,1 ++ ++= iviii qqSq  [3.3–8]  

11
4

−+ ++= b,if,if,iif,if,if,i JρJτσTεJ  [3.3–9]  
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4

+− ++= f,ib,ib,iib,ib,ib,i JρJτσTεJ  [3.3–10]  

[ ]iivi
sd,i

sd,i
f,ib,i Sqq

k
t

TT ++=− ++ 1,1 22
2

 [3.3–11]  

3.3.1.1. CALCULATION OF GLAZING CAVITY TEMPERATURE 
The temperature in the glazing cavity can be determined by applying assumption about 
known value of mean velocity in the cavity to a model, which considers dependence of 
the temperature on the glazing cavity height (see Figure 3-9). 

 
Figure 3-9: Temperature Profile in Ventilated Glazing Cavity 
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Temperature profile in the ventilated glazing cavity can be described as: 
iHx

ingap,iav,iav,igap,i eTTTxT ,0/
, )()( −−−=  [3.3–12]  

where, 
x – distance from the inlet 
Tgap,i(x) – temperature in the glazing cavity at distance x 
Tav,i – average temperature of the layer surfaces bounding glazing cavity, given as: 

2
1 f,ib,i

av,i

TT
T

+
= −  [3.3–13]  

Tgap,i,in – air flow temperature at the inlet of the ventilated gap 
H0,i – characteristic height (temperature penetration length) defined by: 

icv

iipi
,i h

vsc
H

,
0 2

⋅⋅⋅
=
ρ

 [3.3–14]  

where, 

iρ  – density of the air at temperature Tgap,i  

cp,i – specific heat capacity of the air at temperature Tgap,i 

si – width of the ith glazing cavity (see Figure 3-8) 

vi – mean air velocity in the glazing cavity (see section 3.3.1.2) 
hcv,i – convection heat transfer coefficient for ventilated cavities, presented in equation 
[3.3–3] 

The following relation, which determines temperature of air flow leaving the ventilated 
glazing cavity, is obtained from the equation [3.3–12] by setting the glazing cavity 
height, Hi, for the distance from the inlet: 

ii HH
ingap,iav,iav,ioutgap,i eTTTT ,0/

,, )( −−−=  [3.3–15] 

The previous equation clearly shows that temperature of air flow leaving the ventilated 
cavity (i.e. Tgap,i,out) depends on temperature at the inlet of the glazing cavity (i.e. 
Tgap,i,in). In case of connected glazing cavities (as given in Figure 3-11), it means that 
the temperature at the inlet of ith cavity (i.e. Tgap,i,out) is a function of the temperature at 
the outlet of i+1th cavity, and vice versa. For the solution of this problem, the following 
model, shown in Figure 3-10, should be introduced. 
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Figure 3-10: Model For Solving Inlet and Outlet Temperatures in Ventilated Cavities        

Applying the notation from the Figure 3-10 in equation [3.3–15] that is set for both 
ventilated cavities, gives the following relations: 

ii HH
upav,iav,idownoutgap,i eTTTTT ,0/

, )( −−−==  [3.3–16] 

1,01 /
11,1 )( ++−
+++ −−== ii HH

downav,iav,iupoutgap,i eTTTTT  [3.3–17] 

After some re-arrangements, the following relations could be derived from the equations 
[3.3–16] and [3.3–17]: 

iaviupidown TTT ,αβ =−  [3.3–18] 

1,11 +++ =− iavidowniup TTT αβ  [3.3–19] 

 where the terms αi, αi+1, βi and βi+1 are:  
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By solving the equations [3.3–18] and [3.3–19], temperatures at the inlet and outlet of 
ventilated glazing gaps can be found as: 
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The above procedure is done in case of higher temperature in the cavity i+1 (i.e. Tgap,i+1) 
than in the connected space i (i.e. Tgap,i). 
Otherwise (i.e. if Tgap,i > Tgap,i+1), inlet and outlet temperatures for ventilated glazing 
cavities are: 
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Finally, the equivalent average temperatures of the ventilated glazing cavities – Tgap,i 
and Tgap,i+1 can be determined from the equation [3.3–12] by integration over the glazing 
cavity heights – Hi and Hi+1, respectively. 
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3.3.1.2. CALCULATION OF AIR VELOCITY IN GLAZING CAVITY 
Procedure for calculation of air flow velocity depends on nature of ventilation in the 
glazing cavity. Thus, different calculation methods are used in cases of thermally driven 
ventilation and forced ventilation. 

3.3.1.2.1. Thermally Driven Ventilation 
In this case air flow is caused by the stack or buoyancy effect, and the velocity can be 
found as a function of the driving pressure difference between connected spaces and 
the resistance to the air flow of the openings and the gas spaces itself. 
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Figure 3-11: Schematic Presentation of the Thermally Driven Ventilation 

The temperature difference between the glazing cavity, i, and the connected space, 
which can be either the outdoor or indoor environment, or another glazing cavity (as 
displayed in Figure 3-11), produces the driving pressure difference, 1+−Δ iT,ip , that can be 
expressed as: 
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−
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igapigap

igapigap
iiiT,i TT

TT
HgTp γρ  [3.3–30]  

where, 

0ρ  – density of the air at reference temperature T0 

T0 – reference temperature (283 K) 
g – acceleration due to gravity  
Hi – glazing cavity height 

iγ  – glazing system inclination (i.e. tilt angle) from vertical 

Tgap,i – mean temperature of the glazing cavity, given by equation [3.3–28] 
Tgap,i+1 – mean temperature of the connected space (outdoor or indoor environment, or 
another glazing cavity) 
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The driving pressure difference 1+−Δ iT,ip  shall be equal to the total pressure loss, which 
includes: 

• Bernoulli pressure losses in spaces i and i+1, defined as: 
25.0 iiB,i vp ρ=Δ  [3.3–31] 
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• Hagen – Poiseuille pressure losses in spaces i and i+1, defined as:  
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• pressure losses at the inlet and outlet of spaces i and i+1, defined as:  
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where, 

1, +ii ρρ  – density of the air at temperatures Tgap,i and Tgap,i+1, respectively 

vi – mean air velocity in the ith glazing cavity that is being sought  
Hi, Hi+1 – height of ith and i+1th glazing cavity, respectively  

si, si+1 – width of ith and i+1th glazing cavity, respectively (see Figure 3-8) 

1, +ii μμ  – dynamic viscosity of the air at temperatures Tgap,i and Tgap,i+1, respectively 

Zi, Zi+1 – pressure loss factors of the ith and i+1th glazing cavity, found as per equations 
[3.3–37] – [3.3–40]. 

Note that all pressure losses for the space i+1 are given in terms of air velocity in the 
space i (i.e. vi) by setting velocity in the space i+1 as: 11 / ++ ⋅= iiii ssvv .    

The pressure loss factors, Zi and Zi+1, can be found using the ratio of the equivalent 
opening areas (Aeq,i and Aeq,i+1) to the cross sections of corresponding gas spaces (As,i 
and As,i+1). 
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Figure 3-12: Openings in the Ventilated Glazing Cavity 
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where, 
As,i, As,i+1 – cross section of the ith and i+1th glazing cavity, respectively (As,i = si*Li ; As,i+1 
= si+1*Li+1) 

si, si+1 – width of ith and i+1th glazing cavity, respectively (see Figure 3-8) 

Li, Li+1 – depth of the ith and i+1th glazing cavity, respectively (see Figure 3-8) 

Since the spaces i and i+1 are connected, equivalent inlet opening area of the ith 

glazing cavity is, in fact, equivalent outlet opening area of the i+1th glazing cavity. 
Consequently, equivalent outlet opening area of the ith glazing cavity is equal to the 
equivalent inlet opening area of i+1th glazing cavity. 
Calculation of equivalent inlet and outlet opening areas depends on temperature 
difference between adjacent glazing cavities (i.e. spaces i and i+1). If the temperature 
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of the cavity i (i.e. Tgap,i) is higher than the temperature of the connected space i+1 (i.e. 
Tgap,i+1), equivalent opening areas are: 

)(5.01,,, hrl
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botiouteqieq,in AAA
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AAA ++
+

⋅+== +  [3.3–41]  

)(5.01,,, hrl
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Otherwise, 

)(5.01,,, hrl
topbot

bot
topiouteqieq,in AAA

AA
A

AAA ++
+

⋅+== +  [3.3–43]  

)(5.01,,, hrl
topbot

top
botiineqieq,out AAA

AA
A

AAA ++
+
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Finally, air velocity in the space i (i.e. vi) can be found from the following equation, which 
defines driving pressure difference (i.e. 1+−Δ iT,ip ) in terms of pressure losses. 

1,1,1,,,,1 ++++− Δ+Δ+Δ+Δ+Δ+Δ=Δ iZiHPiBiZiHPiBiT,i ppppppp  [3.3–45] 

After applying relation [3.3–30] for the driving pressure difference, as well as relations 
[3.3–31] – [3.3–36] for pressure losses, and some re-arrangements, the equation [3.3–
45] becomes: 
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where the terms A, A1 and A2 are: 
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The air velocity vi, as solution of the quadratic equation [3.3–46], is given by the 
following relation: 
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If the space i+1 is exterior or interior environment, velocity vi+1 is set to zero, and the 
pressure losses 1+Δ B,ip , 1+Δ HP,ip  and 1+Δ Z,ip  become zero, as well. In that case, the 
quadratic equation terms A1 and A2 will be: 

( )ioutiini zzA ,,1 15.0 ++= ρ  [3.3–51] 

22 12
i

i
i s

HA μ=  [3.3–52]    

3.3.1.2.2. Forced Ventilation 
In the case of forced ventilation, air flow velocity (i.e. vi) can be determined from the 
known value of air flow rate, using the following relation: 

ii

iv
i Ls

v
⋅

= ,ϕ
 [3.3–53]              

where, 

si – width of the glazing cavity (see Figure 3-8) 

Li – length of the glazing cavity (see Figure 3-8) 

ϕv,i  – air flow rate in the glazing cavity (for the whole area), not normalized per m2 

3.3.2. System of Equations for Glazing Systems Incorporating Shading 
Devices 

The non-linear system of energy balance equations for shading devices, given in 
equations [3.3–8] – [3.3–11], can become linear if solved in terms of black emissive 
power instead of temperature. In this case, differences from glazing systems with 
monolithic layers are related to convective heat transfer through ventilated cavities, so 
the heat transfer coefficient based on emissive power for ventilated cavities must be 
introduced, instead of the previous one (i.e. for non-ventilated cavities), given in 
equation [3.1–7]: 

ibgapbf,i

igapf,i
icviv EE

TT
hh

,

,
,,

ˆ
−

−
=  [3.3–54]  

Applying the methodology, described at the beginning of section Error! Reference 
source not found., to monolithic layers, in conjunction with relations [3.3–8] – [3.3–11] 
and [3.3–54] for shading layers, gives the following system of linear equations for 
glazing systems incorporating shading devices: 
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The system of equations [3.3–55] – [3.3–66] can also be transformed into a matrix form 
[A] [X] = [B] for the whole glazing system. 
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The matrix equation [A] [X] = [B] is solved and the glazing layer temperatures 
determined, using the same iterative procedure as for glazing systems with monolithic 
layers (see sections 3.1.2.4 and 3.1.2.5). 

3.3.3. Actual Cavity Width Convection Model: 
In this model, convection around the SD is treated as if shading device is just another 
impermeable layer, and the width of this layer and the corresponding gap space width 
between this layer and the glass is assumed to be equal to the actual width.  This 
means that if the SD is venetian blind and if the venetian blind is open, the width of the 
venetian blind layer is assumed to be the width from the tip to tip of venetian blind slats.  
For example, if 16 mm wide venetian blinds are installed in 20 mm glazing cavity, and if 
venetian blind is at 0 degrees angle, which means that slats are horizontal (fully 
opened), the venetian blind layer width will be 16 mm, while each gap around the 
venetian blind will be 2 mm wide.   If on the other hand that same blind is at the 45 
degree, the width of the venetian blind layer will be 16·cos(45) = 11.31 mm, while each 
gap around the blind will be 4.34 mm.  Fort the fully closed blind, the thickness of the 
venetian blind layer will be the thickness of the blind material. 
Treatment of SD on indoor and outdoor side is similar, where actual cavity width is 
calculated by subtracting half the width of the shading device (tip to tip) from the 
distance of the center of SD to the surface of the glass. 
Conductivity of such layer is ignored, meaning that thermal resistance of the layer itself 
is negligible.  This model has been compared with the limited set of measurements from 
published technical papers and it gave reasonable agreement. 
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3.3.4. Scalar Convection 
Scalar convection is an alternative methodology for calculating convective heat transfer 
in the presence of shading devices.   In this model, the convection in gaps around the 
SD is treated as a intermediate case between two extreme cases, set with the use of 
convection scalar, with range from 0 to 1.  The two extreme cases are: 

1. Existence of SD is ignored for the convection heat transfer and convection 
equations for unobstructed glazing cavity are solved in each iteration. 

2. SD is assumed to be fully closed and is treated as impermeable layer with the 
negligible thickness.  Two gaps are formed as a result and convection heat 
transfer is solved as if solid layer is placed between two glass layers (making 
effectively triple glazing out of double glazing with SD in between.  

When convective scalar is set to 0, case 1 is solved.  When convective scalar is set to 
1, the case 2 is solved.  When convective scalar is set to the value in-between 0 and 1 
(e.g., 0.5), then linear interpolation between the two cases is performed at each 
iteration. 
Similar procedure is employed for indoor and outdoor venetian blind, except that blind in 
those cases form one additional cavity on indoor or outdoor, respectively. 

3.3.4.1. “No SD” Case 
Case ”No SD” treats glazing system without SD layer in terms of convection. As a first 
step, SD layer is removed from the glazing system and calculation is performed for two 
glass layers (Error! Reference source not found.) where gap thickness Sgg  equals a 
distance between first and third layer (sum of first and second gap thickness and SD 
thickness).   

 
Figure 3-13: Glazing system with two glass glazing pane 

Convective heat transfer coefficient for this case depends on glazing layer temperatures 
and gap thickness:  

gg

g
iugg

NOSD
gapc S

k
NSTTfh ⋅== ,52, ),,(  [3.3–67] 

where: 
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• Sgg is thickness of glazing cavity which is equal to the sum of thickness of first, 
second gap and SD thickness. 

• kg is thermal conductivity of the fill gas in the cavity.  Convective heat flux through 
the glazing cavity is determined as: 

)( 25,3, TThq NOSD
gapc

NOSD
c −⋅=  [3.3–68] 

In the original configuration, with SD present, convective parts of heat fluxes in two gaps 
can be expressed as (Figure 3-14): 

)( 231,2, TThq o
gapc

o
c −⋅=  [3.3–69] 

)( 452,3, TThq o
gapc

o
c −⋅=  [3.3–70] 

In order to form a glazing system in which existence of SD layer does not affect 
convective heat transfer (Figure 3-14), the resulting convective parts of heat fluxes in 
two gaps, expressed as in eq. (Error! Reference source not found.) and (Error! 
Reference source not found.), must be equal to heat flux from the “no SD” 
configuration: 

NOSD
c

o
c qq 3,2, =  [3.3–71] 

NOSD
c

o
c qq 3,3, =  [3.3–72] 

 
Figure 3-14: Glazing system without SD influence on convection 

Therefore, convective heat transfer coefficients for a “No SD” case become: 
NOSD

gapc
o

gapc
o

gapc hhh ,2,1, ==  [3.3–73] 

3.3.4.2.  “Closed SD” Case 
 “Closed SD” case (Figure 3-15) treats SD layer as closed, which means it will be 
treated as glass layer with SD thickness and conductivity of SD material. Glazing cavity 
convective heat transfer coefficients 1

1,gapch  and 1
2,gapch  will be calculated in a ‘’standard ‘’ 
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way, as in a case of two glass layers with a gap between them – as explained in Section 
3.3.4.1 – equation ([).  

 
Figure 3-15: Glazing system with closed SD which is treated as glass layer 

Combination of the extreme cases ‘’NO SD’’ and ‘’Closed SD’’ which were presented 
above will be obtained by introducing new scalar parameter – Alpha:  

0
1,

0
1,

1
1,1, )( gapcgapcgapcgapc hhhh +−⋅= αα  [3.3–74] 

0
2,

0
2,

1
2,2, )( gapcgapcgapcgapc hhhh +−⋅= αα  [3.3–75] 

These convective heat transfer coefficients will be used in ‘’standard’’ energy balance 
equations instead of convection heat transfer coefficients for ventilated cavities hcv,1 and 
hcv,2, so equation [3.3-54] will become:  

1,2

23
1,1ˆ

bbbf,
gapcgap

EE
TThh

−
−

⋅= αα  [3.3–76] 

2,3

45
2,2ˆ

bbbf,
gapcgap

EE
TThh

−
−

⋅= αα  [3.3–77] 

 
Figure 16. Glazing system with new convection coefficients 

When factor Alpha is set to zero new model will calculate convection as if there was no 
SD layer. If Alpha is set to one, convective coefficient will correspond to second extreme 
case – ‘’Closed SD”. 
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3.3.5. Calculation of U – factor and SHGC 
The U – factor of glazing systems with shading devices is calculated using essentially 
the same method as for other glazing system types (i.e. with monolithic or laminated 
layers), since it is, again, defined as the reciprocal of the total glazing system thermal 
resistance – Rtot. As for other glazing system types, the Rtot is, also, determined as a 
sum of the thermal resistance on the outdoor side of the glazing system, thermal 
resistances of the glazing layers and glazing cavities and the thermal resistance on the 
indoor side of the glazing system. 
The thermal resistance on the glazing system outdoor side – Rout, thermal resistances 
of glazing layers – Rgl,i and thermal resistance on the glazing system indoor side – Rin, 
are calculated using the same relations as for glazing system with monolithic layers (i.e. 
3.1–95, 3.1–96 and 3.1–98, respectively). At the same time, thermal resistance – Rgap,i, 
of ventilated glazing cavities is calculated differently from the thermal resistance of non-
ventilated cavities, given in equation [3.1–97]. In case of ventilated cavities, heat 
transfer in the cavities is divided into two parts due to ventilation and, therefore, thermal 
resistance of ventilated cavities should be expressed in the same way. 

1,,,,, −+= ibgapifgapigap RRR  [3.3–78]              

where, 
Rgap,f,i – resistance to heat transfer between the glazing layer and ventilated cavity, 
given as:   

1,,,,,

,,
,, )( −−+−

−
=

ibifigapificv

igapif
ifgap JJTTh

TT
R  [3.3–79]              

Rgap,b,i-1 – resistance to heat flow between the ventilated cavity and another glazing 
layer, given as:   

1,,1,,,

1,,
1,, )( −−

−
− −+−

−
=

ibifibigapicv

ibigap
ibgap JJTTh

TT
R  [3.3–80]             

The calculation of solar heat gain coefficient (SHGC) is performed in the same manner 
as for glazing systems with monolithic layers using the equation [3.1–99].        

4. ISO/EN 10077-1 Algorithms 
ISO/EN 10077-1 algorithms are substantially simplified over the ISO 15099 algorithms.  
These algorithms are used in new product standards in EU and associated countries.   
This standard relies on additional standards ISO 10292/EN673 (specular glazing layers) 
and EN 13663 (shading devices).  



  53Carli, Inc. is Your Building Energy Systems and Technology Choice            

4.1. Specular Glazing Layers (EN673/ISO10292) 

4.1.1. Definition of Outdoor and Indoor Heat Transfer Coefficients 
The value of outdoor heat transfer coefficient (i.e. he) depends on the wind speed 
near the glazing system and other climate factors, as well as on the outdoor glazing 
surface emissivity. The EN 673 standard does not consider coated outdoor glazing 
surfaces, which emissivities are lower than 0.840, and the value of he is standardized to:   

Km
Whe 223=  [4.1–1]    

At the same time, the indoor heat transfer coefficient (i.e. hi) is defined by following 
equation: 

iciri hhh ,, +=  [4.1–2]    

where, 
hr,i – radiation conductance 
hc,i – convection conductance 
The radiation conductance of uncoated indoor glazing surfaces is set to 4.4 W/m2K, 
while for the coated ones it is given as: 

840.0
4.4

,
i

irh ε
=  [4.1–3]    

where, 

iε  – emissivity of coated indoor glazing surface 

Finally, free convection is assumed to be on the indoor side of the glazing system, so 
the value of convection conductance (i.e. hc,i) is: 

Km
Wh ic 2, 6.3=  [4.1–4]    

4.2. Calculation of Glazing Cavity Thermal Conductance 
The thermal conductance of glazing cavity can be determined by summing the 
convective and radiative components. The convection component is defined in terms of 
the gas conductance (i.e. hgs,i), while the radiation conductance of glazing cavity (i.e. 
hrs,i) determines the radiative component. 

igsirsis hhh ,,, +=  [4.2–1]   

4.2.1. Gas Conductance 
The gas conductance of the glazing cavity can be determined according to the following 
relation: 
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i

i
iuigs s

Nh λ
,, =  [4.2–2]    

where, 
Nu,i – Nusselt number 

iλ  – thermal conductivity of the fill gas in the glazing cavity 

si – width of the glazing cavity 
Nusselt number, which is a function of Grashof number, Prandtl number and glazing 
system inclination (i.e. tilt angle), is calculated as: 

n
rriu PGAN )(, ⋅=  [4.2–3]    

where, 
A – constant 
Gr – Grashof number 
Pr – Prandtl number 
n – exponent 
If the calculated value of the Nusselt number is less than 1, it is set to the bounding 
value of 1.             

The Nusselt number dependence on the glazing system tilt angle is given through the 
following relations for the constant A and exponent n: 

Glazing system inclined at 0o )0( o=θ  

28.0;16.0 == nA  [4.2–4]    

Glazing system inclined at 45o )45( o=θ  

31.0;10.0 == nA  [4.2–5]          

Glazing system inclined at 90o )90( o=θ  

38.0;035.0 == nA  [4.2–6]    

The Grashof and Prandtl numbers can be expressed as: 

2
,

2381.9

iim

iii
r T

TsG
μ

ρ
⋅

⋅Δ⋅⋅
=  [4.2–7]    

i

ii
r

cP
λ

μ ⋅
=  [4.2–8]    

where, 

iρ  – density of the gas space 
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iμ  – dynamic viscosity of the gas space 

ci – specific heat capacity of the gas space 
Tm,i – mean temperature of the gas space, set to 283 K for all glazing cavities 

iTΔ  – temperature difference between glass surfaces bounding the gas space 

Gas fill properties (i.e. density, thermal conductivity, viscosity and specific heat capacity) 
are evaluated at the mean temperature of the gas space (Tm,i). The density is 
determined using the perfect gas law, while the other properties of individual gasses, 
used in sealed glazing units, are determined as a linear function of temperature. The 
properties of gas mixtures can be calculated as a function of corresponding properties 
of the individual constituents. 

∑
=

=
k

i
iiFPP

1
 [4.2–9]    

where, 
P – relevant property (density, thermal conductivity, viscosity or specific heat capacity) 
Pi – corresponding property of the individual gas in the gas mixture 
Fi – volume fraction of the individual gas in the gas mixture           

For double glazing systems the temperature difference iTΔ  has fixed value of 15 K. For 
the glazing systems with more than one gas space, which require iterative solution 
algorithm, the temperature difference iTΔ  is determined using following relations for the 
first and for all other iterations. 

N
Ti

15
=Δ  [4.2–10]    

where, 
N – number of glazing cavities (i.e. gas spaces) 

∑
=

=Δ N

i
is

is
i

h

h
T

1
,

,

/1

/1
15  [4.2–11]    

 where, 
1/hs,i – glazing cavity thermal resistance from the previous iteration 

∑
=

N

i
ish

1
,/1 – overall thermal resistance of glazing cavities 

In the first iteration, iTΔ  is calculated using equation [4.2–10], while in the second and 
all later iterations (if necessary), the equation [4.2–11] is used. 
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4.2.2. Radiation Conductance 
The radiation conductance of the glazing cavity is defined as a function of mean 
temperature of the glazing cavity, as well as emissivities of the surfaces bounding the 
glazing cavity. 

3
,
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21
, 1114 imirs Th

−

⎟⎟
⎠

⎞
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⎛
−+=
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where, 
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Km
W−⋅=σ  – Stefan – Boltzmann’s constant 

Tm,i – mean temperature of the glazing cavity (gas space)  

1ε  and 2ε  – emissivities of the surfaces bounding the glazing cavity 

4.3. Calculation of U – factor 

When the final value of overall thermal resistance of glazing cavities (∑
=

N

i
ish

1
,/1 ) is found, 

the total thermal conductance (ht) of the glazing system is calculated as: 
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where,  
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 – overall thermal resistance of glazing layers 

dj – glazing layer thickness 
rj – glazing layer thermal resistance, which represents the reciprocal of thermal 
conductance – kj 

Then, the glazing system thermal transmittance (U – factor) is determined using the 
following relation: 
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where, 

he – outdoor heat transfer coefficient, defined as per section 4.1 
hi – indoor heat transfer coefficient, defined as per section 4.1 
ht – total glazing system thermal conductance 
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